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Abstract
In the world, climate change happened regionally and globally, rapidly and gradually. Also
it has great impacts on atmosphere, hydrosphere and biosphere. From the inter-annual and
long-term variation in hydrology, it reflects generally the influence of climate changes. The
river runoff plays an important role in the hydrological cycle. Therefore, the study of long-
term runoff time series is of great significance. In this thesis, runoff time series are analyzed.
There are many characteristics in runoff time series, such as homogeneity, stationarity, trend,
periodicity and persistence. The main purpose of this thesis is to analyze the stationarity of
river runoff time series in basins. Four river basins around the Arctic ocean are collected for
this thesis: the Mackenzie River, the Ob River, the Yenisei River and the Lena River. To study
inter-annual and long-term changes of river runoff, the period from 1930 to 2000 is selected. In
order to analyze clearly, the time series are investigated on four aspects: trend, amplification,
break points and seasonal stationarity. In relation to the overall process of the analysis, we
primarily analyzed the mean and maximal river runoff. Through analysis, it can be drawn a
conclusion. The runoff of these four rivers is generally stable over the whole studied period.
Moreover, for a given month, the change of river runoff is basically stable. There are many
factors affecting the river runoff, such as precipitation, snow melting and human intervention,
which have impacts on the results of this thesis. In order to study the stability of the time series
of the river runoff, analysis of the influence factors is required.
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Introduction
Background. Global climate is changing rapidly, with unexpected consequences
(Houghton et al., 2001). The Arctic is a central component of the global climate system.
Increasing temperatures in recent decades have been linked to a wide variety of changes in
the Arctic (Serreze et al., 2000). The hydrological cycle is an important research direction
because of its major influence on the global climate change. The hydrological cycle is the
process of transporting water through the atmosphere, land areas and oceans (Hendriks,
2010). It consists of evaporation, precipitation, surface runoff, infiltration into the groundwater,
groundwater flow and discharge into the oceans (Maidment et al., 1992). Discharge is one of
the most significant variables utilized for observing the hydrological cycle. It can be computed
from the water level at the gauging station and the measured velocity of the flow, essentially
called runoff. Figure 1.1 depicts the river discharge in Arctic basins. The Arctic Ocean receives
a large amount of fresh water from river runoff relative to its area, compared to other oceans.
There are five major rivers that flow into the Arctic, the Mackenzie and Yukon in North
America, and the three largest in Asia, the Ob, Yenisei and Lena Rivers (Perovich et al., 2011).
In this thesis we study the runoff time series of the rivers Ob, Yenisei, Lena and Mackenzie.
A time series is a series of data points listed in time order. If a random variable r is indexed to
time, usually denoted by t, the observations r(t), t ∈ T is called a time series. Most commonly, a
time series is a sequence taken at successive equally spaced points in time. Thus, it is a sequence
of discrete-time data rt. They are used for example in statistics, pattern recognition, weather
forecasting and largely in any domain of applied science and engineering involving tempo-
ral measurements. Time series analysis is required in order to extract meaningful statistics
and other characteristics of the data. In hydrology, most variables are observed in time series.
Furthermore it is used for building mathematical models to generate synthetic hydrological
records, to forecast hydrological events, to detect trends and shifts in hydrological records and
to fill in missing data and extend records (Salas, 1993). The principal aim of it is, to describe
the history of movements in time of some variables (e.g. runoff at a given site). Properties of
time series are of great significance in planning, designing and evaluating of water resource
systems.
There are many characteristics to be investigated in hydrological time series, e.g. homogene-
ity, stationarity, trend, periodicity, and persistence. Homogeneity implies that the data in the
series have a time invariant mean. Non-homogeneity arises due to changes in the method
of data collection and/or the environment in which it is done (Fernando and Jayawardena,
1994). According to Jayawardena(2014)’s opinion: Stationarity means that the statistical prop-
erties of the series computed from different samples do not change except due to sampling
variations (Jayawardena, 2014). A time series is said to have trends, if there is a significant cor-
relation (positive or negative) between the observations and time. Periodicities in natural time
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Figure 1.1: An example of river discharge in Arctic basins (Rekacewicz, 1997)
3series are generally due to astronomical cycles such as earth’s rotation around the sun (Kite,
1989). Persistence is the tendency for the magnitude of an event to be dependent on the mag-
nitude of previous events, a memory effect. For example, the tendency of the process of low
stream flows following low stream flows and high stream flows following high stream flows
can be considered synonymous with autocorrelation (O’Connell, 1977).
Motivation. In the hydrological cycle, precipitation, evaporation and runoff mainly reflect
seasonal behavior. The time series with seasonal variation are usually relatively stable. How-
ever, they are affected by some factors, such as climate change and human activities, resulting
in the instability of these time series. The impact of these factors is slow and long-term. Some-
times, the data in some years is unstable. But this phenomenon is maybe accidental and can not
directly determine if the time series is stable. Therefore, we need to use long-term data to see
the stability of the time series. The river runoff data is usually a few decades or even centuries.
Therefore, its stability can be studied because of enough data. The river runoff data reflects
the hydrological phenomenon and it is an important indicator of natural climate change. It is
of great significance to analyze natural phenomena and agricultural development by study-
ing the long-time variation of hydrological time series. Through the analysis of the stability of
the long-term river runoff time series in the Arctic Ocean, it is possible to further understand
the changes that have taken place before, such as climate change. Future changes can also be
predicted based on the stationarity analysis.
Outline. In this thesis, a stationarity analysis will be provided. It aims at river runoff time
series in four different basins: the Mackenzie River, the Ob River, the Yenisei River and the
Lena River. Its content will be divided into four chapters. In the first chapter, the background
and purpose of this thesis were introduced. The second consists of the fundamental informa-
tion about this thesis. Firstly, the definition of time series stationarity was explained in detail.
Secondly, structure of data and researched rivers were introduced. Lastly, the statistical meth-
ods used in this thesis were assessed. The third chapter is mainly relating to data processing
and analyzing. In this chapter, the stationarity of river runoff time series in four cases are dis-
cussed. The last chapter concluded with the results of the stationarity analysis of river runoff
time series in the different basins.
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Fundamentals
2.1 Time series stationarity
Stationarity means that the statistical parameters of the series computed from different samples
do not change except due to sampling variations. A time series is said to be strictly stationary if
its statistical properties are time-invariant. In other words, if a time series has a constant mean
and variance, it is a stationary time series, as shown in Fig. 2.1. These properties are described
as follows: {
E(x) = µ
σ(x)2 = c (2.1)
A less strict type of stationarity which is known as called weak stationarity or second-order sta-
tionarity, is that in which the first- and second-order moments depend only on time differences
(Chen and Rao, 2002). For example, there is a time series and divides it into two time intervals,
i.e., x = [x1, x2]. It is a weak stationary time series when
E(x1) = µ1, σ2(x1) = c1
E(x2) = µ2, σ2(x2) = c2
µ1 ≈ µ2
(2.2)
In fact, strictly stationary time series does not exist. Essentially, the length of time series, which
can be observed are limited, like hydrological time series. Hence, weakly stationary time series
are practically considered as stationary time series. A stationary time series cannot have any
trend or periodic component. In contrast, if a series does not have a constant mean or variance,
it is not stationary. Figures 2.2, 2.3 and 2.4 show three typical examples of non-stationary time
series. In case 1, the time series has a significantly increasing trend. In contrast, the time series
has a stable average but the variance of it has an increasing trend in case 2. In case 3, there are
break points, but the mean of the time series is invariant with time changing.
2.2 Datasets
2.2.1 Structure of data
The initial set of data is from the Global Runoff Data Centre (GRDC). Nowadays, the Global
Runoff Data Base comprises discharge data of more than 9200 gauging stations from all over
the world. On behalf of the runoff in this thesis, the Global Runoff Data Centre (GRDC) main-
tains the Arctic Runoff Data Base (ARDB). It is an international archive of data up to 200 years
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Figure 2.1: Stationary time series
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Figure 2.2: Non-stationary time series case 1: trend
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Figure 2.3: Non-stationary time series case 2: time-variable variance
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Figure 2.4: Non-stationary time series case 3: time-variable mean
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old, fosters multinational and global long-term hydrological studies. There are many gauging
stations for every river basin. However, with regard to the analysis of runoff for the whole
basin, the outlet of every basin is selected. As present in Fig. 2.5, GRDC station 6742201 is the
outlet gauging station of the whole blue river basin. Monthly runoff values used in the thesis
are computed from these outlet stations of the four Arctic river basins. The data are in units
of m3/s. Then discharge of the basins can be obtained with runoff at outlet gauging station
multiplied by time. Discharge is given in units of volume and runoff is referred to in units of
volume per time. While the height of discharge is in units of mm/month called as runoff in
this thesis are easier for the study, the conversion of the original data is needed. The dataset
also provides the area of the catchments in units of km3, which is required in the conversion.
As the heights are relatively small in units of m, the units of heights are converted into mm in
order to facilitate the analysis of the later chapters. The conversion is made as follows:
r =
Q× t
A
(2.3)
with ri being the monthly runoff, i.e., the height of discharge, Q being the river runoff, t being
the second per month and A being the area. The runoff data which is converted from discharge
will be applied in this thesis.
Figure 2.5: An example of a outlet gauging station (GRDC, 2011)
2.2.2 Rivers under investigation
In this thesis, the following four rivers are analyzed: Ob, Yenisei, Lena and Mackenzie river.
Ob, Yenisei and Lena river are the three great Siberian rivers that flow into the Arctic Ocean.
The Ob River is a major river in western Siberia, Russia, and is the world’s seventh longest
river. It forms 25 km southwest of Biysk in Altai Krai at the confluence of the Biya and Katun
rivers. The Yenisei River is the central one of the three great Siberian rivers. The maximum
depth of the Yenisei is 24 m and the average depth is 14 m. The Lena River is the easternmost
of the three great Siberian rivers. It is the 11th longest river in the world and has the 9th largest
watershed. The Mackenzie River is the largest and longest river system in Canada. The river’s
main stem runs 1,738 km in a northerly direction to the Arctic Ocean. It is the largest river
flowing into the Arctic from North America. The time series of runoff data of the Ob River
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is from January 1930 to December 1999, covering 70 years. For the Yenisei River, it is from
January 1936 to December 1999, covering 64 years. The runoff data of the Lena River covers 2
years more than the Yenisei River. It is from January 1935 to December 2000. In addition, the
time series of the Mackenzie River is from January 1973 to December 1996, covering 24 years.
Figure 2.6 shows a map of catchments used in the thesis and the four rivers are also represented
by table 2.1.
Table 2.1: Longitude λ, latitude φ and area A of the catchments in the dataset.
Catchment λ [◦] φ [◦] A [km2]
Ob 66.53 57.25 2926321
Yenisei 86.50 58.00 2454961
Lena 127.65 61.50 2417932
Mackenzie -133.74 60.00 1666073
Figure 2.6: Map showing the distribution of catchments used in the sample dataset in the world. (JE, 2015)
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2.3 Statistical methods
2.3.1 Mean
The arithmetic mean is defined as
r¯ =
1
n
n
∑
i=1
ri (2.4)
with ri being the values of the time series and n being the length of the time series. In terms of
monthly mean, it can be described as follows:
r˜t =
1
n
n
∑
i=1
rt,i (2.5)
where the value of n is the number of years, t is a certain month and rt,i is the value of the
certain month runoff in each year. As an example shown in Fig. 2.7, the left side is the original
runoff time series of the Mackenzie River from 1981 to 1990 and the right side consists monthly
mean runoff of this river during the period.
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Figure 2.7: An example of monthly mean
The seasonal variation has a great influence on the hydrological time series. Therefore, the
monthly mean is very important for the stability analysis of runoff time series. For the four
rivers in the datasets, monthly averages will be calculated. The value average is used to report
central tendencies and as a basis for the further analysis. As it is greatly influenced by outliers,
other parameters (e.g., Root-mean-squares) are needed to analyze the datasets.
2.3.2 Root-mean-squares
For a set of n discrete runoff values r1, . . ., rn, the root-mean-squares (RMS) is
RMS =
√
1
n
n
∑
i=1
r2i (2.6)
with n being the number of the months in the time series. RMS is used as a basis for the de-
termination of other parameters (e.g., cyclostationarity). Through RMS, we can only know
the change of river runoff. However, to know the magnitude of its changes, the relative
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RMS(RRMS) is introduced in this thesis for analyzing the extent of the runoffs’ change with
the following formula.
RRMS =
RMS(r− r¯)
RMS(r)
(2.7)
with r¯ being the mean of runoff values.
2.3.3 Cyclostationarity
The cyclostationarity plays an important role in studying the stability of each complete time
series runoff data. Therefore it gives an overall concept for stability of the runoff. The cyclosta-
tionarity measurable metric is defined as
γ = 1− RMS(δr)
RMS(r)
= 1−
√
∑ (r− r˜)2
∑ r2
(2.8)
δr is the difference between the runoff and its monthly mean
δr = r− r˜ (2.9)
with r˜ being the monthly mean runoff. If the cyclostationarity measurable metric equals 1, it
means that the runoff of the river with the change of the year is perfectly stable. The closer the
measurable metric is close to 1, the better the stability of the time series is.
2.3.4 Trend estimation
Trend estimation is a statistical technique to aid interpretation of data. It can be used to make
and justify statements about tendencies in the data and to describe the behavior of the ob-
served data. In this thesis, it is useful to determine if the runoff has an increasing or decreasing
trend. For trend detection, there are two methods used in this thesis, the parametric trend test
and the non-parametric trend test: Mann-Kendall test (Non-Parametric Tests against Trend., n.d.;
Kendall, 1962). For the latter method, the magnitudes of linear trends are determined using
Sen’s estimator of slope. The method of the parametric trend test is least-squares regression
used in this thesis. The least-squares regression can be used when data is independent and
normally distributed. The Mann-Kendall (MK) test can be used when data sets contain non-
detects and results are not impacted by the magnitude of extreme values as with regression
tests. The Mann-Kendall test is commonly employed to detect trends in series of climate data
or hydrological data (e.g., runoff time series).
Least-squares regression The method of least squares is a approach in regression analysis to
make a trend line for a time series. Least squares means that the overall solution minimizes
the sum of the squares of the errors made in the results of every single equation. If r is linearly
related to t, i.e., it comprises a linear combination of the parameter t, the linear trend can be
described as follows:
r = a0 + a1t (2.10)
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Letting A = [1, t] and x = [ a0a1 ], then it can be rewritten as
r = Ax = [ 1 t ] [ a0a1 ] (2.11)
In this case the least square estimate a0 and a1 is given by
x = [ a0a1 ] = (A
TA)−1ATr (2.12)
Then can the trend line be drawn out as shown in Fig.2.8.
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Figure 2.8: An example of least-squares regression
The Mann-Kendall (MK) test The Mann-Kendall test uses the runoff data to test the null
hypothesis of the randomness of data against trend. According to Mann, the null hypothesis
H0 states that the runoff data (r1, r2, . . ., rn) are a sample of n independent and identically
distributed random variables. The alternative hypothesis H1 of a two-sided test is that the
distribution of ri and rj are not identical for all i, j ≤ n with i 6= j. The test statistic S is defined
as
S =∑
i≥j
sgn(ri − rj) (2.13)
Mann showed that under H0 the distribution of S is normal in the limit as n → ∞. Given the
possibility that there may be ties in the values of r, Kendall obtained the mean and variance of
S under the assumption of no trend as{
E(S) = 0
σ2(S) = n(n−1)(2n+5)−∑t t(t−1)(2t+5)18
(2.14)
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where t is the extent of any given tie and ∑t denotes the summation over all ties. The runoff
data used in this thesis was to have no tied groups. Thus, the variance is
σ2(S) =
n(n− 1)(2n + 5)
18
(2.15)
Both Mann and Kendall derived the exact distribution of S for n ≤ 10 and showed that even
for n=10 the normal approximation is excellent, provided one computes the standard normal
variate Z by using the following equation
Z =

S−1
σ(S) , S > 0
0, S = 0
S+1
σ(S) , S < 0.
(2.16)
Thus, in a two-sided test for trend at a significance level of α, the H0 should be rejected if |Z| ≥
z α
2
, where FN(z α2 ) = 1 − α2 , FN being the standard normal cumulative distribution function.
That is, at the confidence level α, the time series data has a significant upward or downward
trend. A positive value of Z indicates an upward trend and a negative value of Z indicates a
downward trend. When absolute value of Z is bigger than or equal 1.28, 1.64, 2.32, man can
respectively say the significance are 90%, 95% and 99% in the test.
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Figure 2.9: An example of Mann-Kendall test
Sen’s estimator of slope If a linear trend is present, the true slope can be approximated by
using a simple non-parametric procedure developed by Sen (Sen, 1968). This procedure is
not greatly affected by gross data errors or outliers and can be used for records with missing
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values. The computational procedures are as follows. First, compute the slope estimates of N
pairs of data, Q,
Q =
rj − rk
tj − tk , (2.17)
where rj and rk are data values at times tj and tk, respectively, with tj ≥ tk. The median of these
N values of Q is Sen’s estimator of slope. If there is only one datum in each time period, then
N = n(n−1)2 , where n is the number of time periods. The median of the N slope estimates is
obtained in the usual way, that is, the N values of Q are ranked by Q1 ≤ Q2 ≤ . . . ≤ QN−1 ≤ QN
and
a =
{
Q N+1
2
, N = 2k + 1
1
2 [Q( N2 ) +Q( N+22 )], N = 2k.
(2.18)
with a being Sen’s estimator and k being integer. Then can the trend line be drawn out.
Fig.2.9 shows the method of Mann-Kendall test. From the comparison between the method of
Mann-Kendall test and that of least-squares regression, it can be seen that the trend lines of the
two method are very similar. In this thesis, the two trend tests are used to analyze the runoff
time series in Arctic basins.
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In this chapter, the stationarity of river runoff time series are analyzed on four aspects. Ac-
cording to the three typical instability time series which are described in the second chapter,
the first three following cases in this chapter are analyzed on the basis of the typical classifica-
tion: trend, amplification and break points. As this thesis studies hydrological time series, it is
necessary to analyze inter-monthly variation within a year, i.d., seasonal stability. That is the
fourth case, which will be explained in the next section.
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Figure 3.1: All raw data of the Mackenzie River(a), Ob(b), Yenisei(c) and Lena(d) and histogramm of them
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In figure 3.1, the left shows all runoff time series of these four rivers and its probability distri-
bution is on the right side of this figure. It describes the overall situation of raw runoff data of
the four rivers during the all selected time period 1930-2000. It is obviously that the raw runoff
of Yenisei and Lena are more than that of Mackenzie River and Ob. For the Mackenzie River
and Ob River, all raw runoff of them are low than 50 mm/month. On the contrary, some runoff
of Yenisei and Lena are even more than 100 mm/month. On the right side of the figure 3.1, it is
clear to see the different runoff segments accounted for in the proportion of the total data in the
histogram. We can see that although the Yenisei and Lena River have some runoff data greater
than 100 mm/month, more than eighty percent of the total runoff are less than 50 mm/month.
In figure 3.2, these four colored lines represent respectively the statistical distributions of the
annual mean runoff time series for each river basin. It gives a comparison of the changes in
the annual mean runoff of the four rivers. The annual mean runoff of the Ob and Lena River
are very similar. About 3 mm/month runoff value in the two total runoff data accounts for the
largest proportion which is more than 15 percent, while the maximum annual runoff data is
about 5 mm for the Yenisei and Mackenzie River. Through these figures , a general knowledge
of the four rivers runoff is presented.
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Figure 3.2: Annual mean of the Mackenzie River, Ob, Yenisei and Lena
3.1 Analysis of trend
In the first case, trends of the four river runoff time series are analyzed based on case 1, which
was indicated in figure 2.2.
The most important element to reflect the change of trend is the change in the mean. Therefore,
mean runoff is mainly analyzed in this section. In figure 3.3, these dashed lines represent an-
nual mean runoff time series for each river basin. As the same time, these solid lines represent
their trends of annual mean runoff. It provides information about annual mean of all known
river runoff data for the four rivers over the period from 1930 to 2000. Of these rivers, the an-
nual mean runoff of the Yenisei River is similar to that of the Lena River. The two runoffs are in
the approximately 18 mm/month. Some of the annual mean runoff for the Lena River reaches
25 mm/month. However, the annual runoff curve of the Yenisei River is above that of the Lena
River. Simultaneously, the mean runoff of the Mackenzie River are near by 15 mm/month and
that of the Ob River are nearly 10 mm/month. In general, the annual mean runoff of the Yeni-
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Figure 3.3: Comparison of annual mean trend test by two different method
sei River and the Lena River more substantial than that of the Ob River and the Mackenzie
River.
For the stability of the annual mean runoff, trend test plays an important role on the analysis.
There are two methods used for trend analysis: parametric trend test and non-parametric trend
test: Mann-Kendall test. The method of the parametric trend test is least-squares regression
used in this thesis. For the latter method, the magnitudes of linear trends are determined using
Sen’s estimator of slope. Figure 3.3 respectively depicts the trend of the annual mean runoff in
the two trend test. As for the Mann-Kendall trend test, the curve of the Yenisei River and the
Lena River are higher than that of the Mackenzie River and the Ob River.
Table 3.1: Trend for each curve of annual mean: linear regression and Mann-Kendall test
annual mean Mackenzie Ob Yenisei Lena
Linear regression Trend [mm/month/year] -0.06 0.02 0.03 0.02
Variation of trend [mm] -1.4 1.1 1.6 1.5
Mann-Kendall Confidence level (95%) −→ ↗ ↗ ↗
Trend [mm/month/year] -0.06 0.02 0.03 0.02
Variation of trend [mm] -1.4 1.3 1.7 1.6
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According to table 3.1, the overall trends show an increase for the Ob River, the Yenisei River
and the Lena River over 1930-2000. However, the trends are very small,respectively only 0.02
mm/month/year, 0.03 mm/month/year and 0.02 mm/month/year. From a mathematical
point of view, they do have trends. But from a practical point of view, these trends are very
small compared to the actual runoff data. Therefore, it can be neglected even though there is
a trend in statistics.In contrast, as for the Mackenzie River, the variation of trend is a decrease.
However, it is stable and has no significant trend from the trend test at confidence level 95%. In
the two figures, the difference between this two trend test is quite small and can be negligible.
For the calculation of the trend, the results is the same. Only the variation of trend has a little
difference. Therefore, in the back of this thesis, non-parametric Mann-Kendall trend test is used
for all related to the trend.
Based on the trend analysis of annual mean runoff, it comes to a conclusion. The annual mean
runoff of the four rivers (Ob, Yenisei, Lena and Mackenzie) are generally stable and have no
noticeable trend.
3.2 Analysis for amplification
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Figure 3.4: Annual mean, maximum, RMS of the Mackenzie(a), Ob(b), Yenisei(c) and Lena River(d)
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In order to study changes in the annual mean runoff, the RMS values are firstly calculated for
the analysis. To know the extent of the annual mean runoff changes, the relative behavior of
RMS is used for the analysis, i.e. the quotient of RMS (r − r¯) and RMS (r) with r being raw
runoff data and r¯ being annual mean runoff. Table 3.2 provides the information about RMS
(r − r¯), RMS of all raw runoff and relative RMS(RRMS). As for the quotient, 10% is set as a
boundary value to determine the stability of annual mean runoff.
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Figure 3.5: River runoff every ten years for the four rivers: Mackenzie River(a), Ob(b), Yenisei(c) and Lena(d)
From the table 3.2, it is clear that the relative RMS of the three rivers (Mackenzie, Yenisei and
Lena) are less than 10%. For the Ob River, its RRMS is 11.3%, which is bigger than 10%. How-
ever, the relative RMS of the annual mean runoff is just 11.3%, which is close to 10%. Compared
to RMS of the all raw runoff, the RMS values of annual mean runoff are apparently smaller than
that of its all raw data. Table 3.2 shows the comparison of the two sets of data. This point illus-
trates the change of the runoff is not big in a year.
From the aspect of RMS, it is known that the annual mean runoff of the three rivers (Mackenzie,
Yenisei and Lena) are stable and that of Ob river is generally stable. Although they fluctuate in
different years, they are still within the range.
In addition to the relative RMS of annual mean runoff, in the second case, the maximum and
variance of the river runoff time series are analyzed for the analysis of amplification. The
stability of the time series is determined in this section according to the case 2, which is shown
in figure 2.3. In case 2: the variance of average becomes bigger; maximal value has an increasing
trend. At the same time, the minimum shows a downward trend. In this thesis river runoff
time series is analyzed. The value of river runoff is almost zero in dry season e.g. in January.
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Table 3.2: RMS(r− r¯), RMS(r), RMS of all raw runoff and all maximal runoff and relative RMS of them
Mackenzie Ob Yenisei Lena
All raw runoff RMS (r− r¯) [mm/month] 1.6 1.7 1.5 2.2
RMS (r)[mm/month] 17.0 14.7 28.8 29.3
RRMS·100% 9.3% 11.3% 5.2% 7.4%
RMS(r¯)[mm/month] 14.0 11.3 19.2 18.1
All maximal runoff RMS (r− r¯) [mm/month] 5.2 3.4 13.0 11.1
RMS (r)[mm/month] 33.2 29.9 83.3 80.0
RRMS·100% 15.5% 11.3% 15.6% 13.9%
Therefore, it’s not necessary to consider the change of minimum because the minimum is close
to zero.
In figure 3.4, these black lines in these graphs indicate the maximal runoff of the four rivers and
these red lines represent annual mean runoff of them. In addition, RMS values of these four
rivers are showed by these blue lines and the shadow parts indicate the full runoff range of
them over these years. The maximum of all known river runoff data of the four rivers over the
period from 1930 to 2000 are picked out and represented in the form of curves in figure 3.4. It
is intuitively seen that the difference between the mean and the maximum runoff of the Yenisei
and Lena River is large, indicating that the runoff of the two rivers fluctuates much.
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Figure 3.6: Annual maximum and annual RMS: Mackenzie(a), Ob(b), Yenisei(c) and Lena(d)
In fig. 3.5, based on the sample of every decade, this figure draws the distribution of the river
runoff with seven kinds of colors during these different periods corresponding to the four river
basins. It shows vividly the river runoff every ten years for the four rivers. In general, most of
the river runoff values are in the range of 15 mm/month. From the distribution, as for the Ob
River, it shows a slight shift since 1991. That means, the runoff of the Ob River has a gradual
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increase over these years. The growth of the mean runoff is about from 3.5 mm/month to
5 mm/month. However, for the Yenisei River, it shows an obvious shift from 1931 to 2000
from the distribution. Hence, its river runoff has a significant trend, especially between 1960
and 1980, roughly from 5 mm/month to 8 mm/month. With regard to the Lena River, there is a
slight shift in last twenty years. Therefore, the runoff of this river has a tendency to increase, but
not significant as the Yenisei river. In general, the runoff of the Ob, Yenisei and Lena River have
a overall increasing trend over time, which are the three great Siberian rivers, all flow into the
Arctic Ocean. The increasing trend may be due to global warming. Compared to the other three
rivers, the overall runoff of the Yenisei River is the largest and it has the most obvious increasing
trend. The Yenisei River is the largest river flowing to the Arctic Ocean. Therefore, it is the most
affected by climate change. This may be the cause of the above-described-phenomenon.
To determine the change of annual maximal runoff statistically, the RMS values of annual max-
imum and the relative behavior of RMS are calculated as the same as annual mean. Table 3.2
provides the information about RMS (r− r¯), RMS of all maximal runoff and the relative RMS.
Compared to the annual mean river runoff, the RMS values of annual maximum are apparently
much bigger than that of its annual mean. The range of fluctuation for annual mean runoff is
between 5 mm and 25 mm while its of annual maximum fluctuates up to nearly 120 mm/-
month, for the Yenisei River, the maximal runoff in the whole years is 118.3 mm/month in June
1959 and its RMS value of annual maximal runoff is 83.3 mm/month, the largest of the four
rivers. As for the Ob River, its maximal runoff is near 30 mm/month. With regard to the rela-
tive RMS, 10% is set as a boundary value to determine the stability of annual maximal runoff.
From the table 3.2, it’s apparent that the relative RMS are all more than 10%. Compared the
relative RMS of annual mean, the RRMS of the Ob River is almost unchanged. From this point,
it can be seen that the variation of annual mean and maximum of the Ob River are considerably
the same. From the aspect of RMS, it is known that the annual maximal runoff of the four rivers
are generally stable.
Table 3.3: Trend for each curve of annual maximal runoff
annual maximum Mackenzie Ob Yenisei Lena
Confidence level (95%) −→ ↗ −→ −→
Trend [mm/month/year] -0.27 0.03 0.10 0.02
Variation of trend [mm] -6.6 2.2 6.4 1.2
RMS [mm/month] 33.2 29.9 83.3 80.0
In addition to the relative RMS, the trend of annual maximum is analyzed to determine its
stability. In figure 3.6, these solid black lines draw the annual maximal runoff of these four
rivers and these dashed black lines show their corresponding trends. In addition, the annual
RMS values are represented by the solid blue lines and their trends are indicated by those
blue dashed lines. It depicts the trend of the annual maximal runoff. In this section, the non-
parametric Mann-Kendall trend test is used to draw the trend line of annual maximum. The
overall trends show just an increase for the Ob River (0.03 mm/month/year) at confidence
level 95%. As previously mentioned in the trend section of this chapter, from a mathematical
point of view, it does have an increasing trend. But from a practical point of view, this trend
is very small compared to the actual runoff data. Therefore, it is a stable process even though
there is a tiny increasing trend for the Ob River. However, the annual maximal runoff of the
other three rivers have no significant trend which are shown in table 3.3. Based on the trend
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analysis of annual maximal runoff, it comes to a conclusion: the annual maximal runoff of the
Ob River is generally stable. At the same time, the annual maximal runoff of the other three
rivers (Mackenzie River, Yenisei and Lena) are stable and have no significant trend.
Table 3.4: Trend for each curve of RMS every year
RMS Mackenzie Ob Yenisei Lena
Confidence level (95%) −→ −→ −→ −→
Trend[mm/month/year] -0.08 0.02 0.01 0.02
In addition, it is also necessary to study the variance of annual mean over the period 1990-2000.
RMS is an indicator of variation in variance, so RMS value can be analyzed instead of variance.
Figure 3.6 also depicts the change of annual RMS for the river runoff.
As for the RMS values every year, it shows no significant trend for the four rivers according to
the trend test. They are illustrated in table 3.4. That means the variance of annual mean runoff
of the four rivers have no significant change.
Through the above analysis of the maximal river runoff and the variance of the annual mean
runoff, it can be concluded: for the time series of river runoff in basins (Mackenzie River, Ob,
Yenisei and Lena),the variances of average river runoff are generally stable. At the same time,
the annual maximal runoff of these four rivers have no significant trend. However, the runoff of
the Ob, Yenisei and Lena River have a overall increasing trend over time from the distribution,
may be due to global warming. Compared to the other three rivers, the overall runoff of the
Yenisei River is the largest and it has the most obvious increasing trend from 1931 to 2000.
3.3 Analysis for break points
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Figure 3.7: Trend of the Mackenzie River
In the third case, for break points of analysis, the moving average of the river runoff time
series is analyzed. Using case 3, which is shown in figure 2.4, the sliding average of the time
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series should be determined. In case 3: the average value has no change over a wide range.
Nonetheless, there are break points in a small range.
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Figure 3.8: Trend of the Ob River
In the figure 3.7, 3.8, 3.9 and 3.10, these solid black lines draw the annual mean runoff of these
four rivers and these dashed black lines show their corresponding trends. In addition, the slid-
ing mean runoff of every 5 years are represented by the solid blue lines and their trends are
indicated by those blue dashed lines. Additionally, these solid red lines draw the sliding mean
runoff of every 10 years of these four rivers and these dashed red lines show their correspond-
ing trends. The annual mean runoff and sliding mean runoff of every five and ten years for the
four rivers from 1930 to 2000 are successively calculated and successively represented in the
form of curves in these figures.
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Figure 3.9: Trend of the Yenisei River
In order to see the variation of the three trends more clearly in the four graphs, the curves of the
set of annual mean runoff data are overall shifted up by 10 mm/month. At the same time, the
curves of the sliding mean of every five years runoff data are overall shifted by 5 mm/month.
Compared to the annual mean runoff, the curves of sliding mean are gradually flatter.
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From these four figures, the first thing is obvious that the trend of annual mean runoff and
sliding mean runoff of every five years are different for the Mackenzie River compared to the
other three rivers. There are no significant trend for annual mean and sliding mean of every
5 years as for the Mackenzie River. In this thesis, only the runoff data from 1973 to 1996 are
collected for the Mackenzie River. The shorter time series of runoff results in only 24 years.
Therefore, the trends can not be well demonstrated.
For the Lena River, significant inter-annual variability exists in runoff rates, with a range of
nearly 11 mm/month between the annual maximum (24.3 mm/month in 1989) and minimum
(13.4 mm/month in 1986) runoff rates.
Table 3.5: Trend and RMS values for each curve in the three figures of annual mean, sliding mean of every 5 and
10 years
Mackenzie Ob Yenisei Lena
Confidence level (95%) annual mean −→ ↗ ↗ ↗
every 5 years −→ ↗ ↗ ↗
every 10 years ↗ ↗ ↗ ↗
Trend [mm/month/year] annual mean -0.06 0.02 0.03 0.02
every 5 years -0.01 0.01 0.03 0.03
every 10 years 0.06 0.01 0.03 0.02
Variation of trend [mm] annual mean -1.4 1.3 1.7 1.6
every 5 years -0.2 0.9 1.7 1.6
every 10 years 0.9 0.5 1.6 1.3
RMS [mm/month] annual mean 14.0 11.3 19.2 18.1
every 5 years 13.9 11.2 19.1 17.8
every 10 years 13.8 11.2 19.0 17.8
According to the non-parametric Mann-Kendall test and Sen’s estimator of slope, the overall
trends of annual mean runoff show an increase for the Ob River (0.02 mm/month/year), the
Yenisei River (0.03 mm/month/year) and the Lena River (0.02 mm/month/year) over 1930-
2000 (confidence level 95%).
In addition to the annual mean runoff, there are all increasing trend for these three rivers. As
for the trend of the sliding mean runoff of every five years, the trend of runoff in these cases
gradually becomes flatter. It shows also the increase for the Ob River (0.01 mm/month/year),
the Yenisei River (0.03 mm/month/year) and the Lena River (0.03 mm/month/year) and no
significant trend is found for the Mackenzie River. For every ten years, the trends show an
increase for the all four rivers (the Mackenzie River: 0.06 mm/month/year, the Ob River: 0.01
mm/month/year, the Yenisei River: 0.03 mm/month/year, the Lena River: 0.02 mm/mon-
th/year) in the confidence level 95%. But all trend values are small. As previously mentioned
in the trend section, from a mathematical point of view, they do have an increasing trend. But
from a practical point of view, this trend is significantly small compared to the actual runoff
data. Therefore, it can be neglected even though there is a tiny trend. These statistical informa-
tion about variation of trend for annual mean runoff and sliding mean runoff are presented in
table 3.5.
Table 3.5 also gives information of RMS values. The values of RMS describe the mean runoff
and degree of dispersion of the runoff for the four rivers in the three cases (annual, sliding 5
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Figure 3.10: Trend of the Lena River
years and sliding 10 years). From this Table, we can get information about extreme changes of
these four rivers. For the Mackenzie River and Yenisei River, the RMS values of annual mean,
sliding mean of every 5 and 10 years decrease respectively. In other words, there are no extreme
changes on these two rivers. However, as for the Ob River, the RMS values of every 5 and 10
years are constant, both are 11.2 mm/month. It is probably that the Ob River has some extreme
changes such as 1940-1950 and 1960-1970. The analysis of the Lena River is the same as the Ob
River. Therefore, it is also concluded that there are some extreme changes of the Lena River
such as 1980-1990.
Table 3.6: Trend in every ten years
Trend[mm/month/year] Mackenzie Ob Yenisei Lena
1931-1940 - 0.12 −→ - -
1941-1950 - 0.15 −→ -0.00 −→ 0.21 −→
1951-1960 - 0.37↗ -0.05 −→ 0.12 −→
1961-1970 - 0.03 −→ -0.25 −→ -0.33 −→
1971-1980 - -0.29 −→ 0.11 −→ 0.08 −→
1981-1990 0.25↗ 0.08 −→ 0.05 −→ -0.19 −→
1991-2000 - - - 0.40↗
In figure 3.11, these black, red, green and blue lines represent respectively the RMS values of
these four river basins. From this figure, it is visually to see annual RMS, sliding RMS of every 5
years and every 10 years. It shows that annual RMS of the Yenisei River and the Lena River are
bigger than that of the Mackenzie River and the Ob River. The RMS values of the Yenisei River
and the Lena River are in the neighborhood of 30 mm/month while that of the Mackenzie River
and the Ob River are round 15 mm/month. In the three figures, the curves becomes constantly
more flatter and the changes of RMS are gradually becomes smaller for the four rivers. It also
confirms the flatter trends which mentioned previously.
In figure 3.12, these thin lines represent respectively the annual mean runoff of these four rivers.
In addition, their corresponding trends are indicated by these thick lines. It depicts annual
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Figure 3.11: Annual RMS and sliding RMS
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Figure 3.12: Annual mean and trend of every 10 years
mean and trend of every 10 years for the four rivers. As can be seen, the trends in every ten
years are mostly not significant. However, there are also increasing trends for the Mackenzie,
Ob and Lena River. This confirms what said before, there are extreme changes for the Ob and
Lena River. As for the Mackenzie River, only the runoff data from 1973 to 1996 are collected.
The shorter time series of runoff results in only 24 years. Therefore, there is only one trend
of ten years. The trends of every ten years in this section can not be well demonstrated. In
addition, table 3.6 and 3.7 illustrate statistically the trends in figure 3.12 during the time period
1931-2000. As can be seen, the trends of the Ob river from 1951 to 1960 (0.37 mm/month/year)
and of the Lena River from 1991 to 2000 (0.40 mm/month/year) are much bigger than the
trends’ value previously calculated. This is more powerful to explain the extreme change of
the Ob and Lena River.
Table 3.7: Variation of trend in every ten years
Variation of trend [mm] Mackenzie Ob Yenisei Lena
1931-1940 - 1.2 - -
1941-1950 - 1.5 -0.0 2.1
1951-1960 - 3.7 -0.5 1.2
1961-1970 - 0.3 -2.5 -3.3
1971-1980 - -2.9 1.1 0.8
1981-1990 0.8 0.5 -1.9
1991-2000 2.5 - - 4.0
Through the above analysis, it is concluded: For the Mackenzie River and Yenisei River, there
are no extreme changes on these two rivers. However, as for the Ob River, it has probably some
extreme changes such as 1951-1960. The analysis of the Lena River is the same as the Ob River.
It is also concluded that there are some extreme changes of the Lena River such as 1991-2000.
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3.4 Seasonal stationarity analysis
For the hydrological time series, precipitation has a great influence on river runoff, which
mainly changes with the seasons. In the case of a certain basin area, the greater the precipi-
tation, the greater the river runoff.
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Figure 3.13: All runoff and monthly mean for the Mackenzie River(a), Ob(b), Yenisei(c) and Lena(d)
In this thesis, the river runoff time series are analyzed. Therefore, it is very significant to ana-
lyze inter-monthly variation with a year to determine the stability of the time series. In figure
3.13, these gray lines represent all collected runoff of these four rivers and these black lines in-
dicate the corresponding monthly mean of them. The monthly mean of all known river runoff
data of the four rivers over the period from 1930 to 2000 are calculated and represented in the
form of curves in this figure. In winter, the river will generally be in the frozen state. However,
in order to maintain the smooth flow channel when people living near the river, mostly people
will break the ice on the river. Such as the Yenisei River is taken this measure in the winter.
From figure 3.13, there is an interesting point that the Yenisei River in addition to the normal
peak runoff in June, there is a small runoff peak in May. It is probably because of some special
climatic factors, such as ice melting and human activities. In figure 3.14, the solid lines represent
the monthly mean runoff of these four river basins and the shadow parts are the corresponding
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Figure 3.14: Monthly mean and standard deviation of the Mackenzie River, Ob, Yenisei and Lena
standard deviation of them. From this figure, it shows monthly mean and standard deviation
over the whole years of the four rivers. Obviously, these four rivers in the winter are basically
no runoff. For the Yenisei and Lena River, the mean peak runoff in June is substantially the
same.
The river runoff data are divided into 12 months runoff data from January to December. Then
sufficient information are acquired from the typical annual cycle. In the cold months, runoff
is small and there can be no runoff at all (E.g. the Ob and Lena). Runoff begins to increase in
April or May when snow begins to melt. In general, it reaches the runoff peak in June with
a rapid rate. There are differences in the monthly runoff for the Mackenzie, Ob, Yenisei and
Lena. With runoff peaks in June for the four rivers, the peaks are much sharper in the Yenisei
and Lena as compared with the Mackenzie and Ob. The rapid melt of the snow has a increase
to sharp runoff peaks when it becomes warm enough in June.
Table 3.8: Cyclostationarity of the four rivers’ runoff
Mackenzie Ob Yenisei Lena
Cyclostationarity 0.82 0.76 0.77 0.81
In figure 3.15, the white grids represent the maximal river runoff for each basin over observed
years. All years collected in this thesis, maximal river runoff are substantially in June. Espe-
cially for the Lena, all of total runoff peaks of the Lena occurs in June, as in this figure. This
can be attributed to the precipitation over much of the area peaks in summer. From autumn
through spring, most of the precipitation is stored as snow. By contrast, the months of the
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Figure 3.15: Seasonal pattern of all runoff of the Mackenzie River(a), Ob(b), Yenisei(c) and Lena(d)
runoff peaks are not stable. Some of the runoff reach their peak in August over the past years.
For the Yenisei, some runoff reaches the peaks in May.
There are gray lines representing monthly mean runoff every five years of these four rivers and
black lines indicating the monthly mean in all years of them in figure 3.16. It demonstrates
monthly mean runoff of all years and every five years for the four rivers. Compared with
figure 3.13, the curve of five-year average is closer to the curve of monthly mean. That means
essentially, with monthly change, changes in river runoff is substantially stable.
In addition, the cyclostationarity also plays an important role in studying the stability of river
runoff. It gives an overall concept for stability of the runoff. If the cyclostationarity measurable
metric equals 1, it means that the river runoff is perfectly stable. That is to say, it has perfectly
stable seasonal behavior. The closer the cyclostationarity to 1, the better the stability of the river
runoff .To detect the stationarity in seasonal performance, the cyclostationarity is calculated.
Table 3.8 shows the cyclostationarity values for the four rivers. They are almost 0.8, which
close to 1. In other words, it reflects stable seasonal behaviors for the runoff of the four river
basins.
After the analysis, the runoff of the four river basins show stable seasonal behavior in most
years. In general, the river runoff reaches the peaks in June, even though some reaches the
peaks in May or in August.
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Figure 3.16: Monthly mean in all years and every five years of the Mackenzie River(a), Ob(b), Yenisei(c) and
Lena(d)
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Chapter 4
Conclusion and discussion
In this thesis, time series from 4 different basins (the Mackenzie River, the Ob River, the Yenisei
River and the Lena River) are analyzed in order to assess the stationarity of river runoff. As for
the range of river runoff time series, the period from 1930 to 2000 is selected and analyzed. To
investigate the stationarity of runoff time series, the trend in a statistical way, cyclostationarity
and root-mean squares of the series are estimated. From the analysis, we get the conclusions as
follows:
As for the Mackenzie River, its annual mean runoff is stable and has no noticeable trend based
on trend test. From the annual maximal runoff and its variance, we can see that there is no
obvious fluctuation through decades. Beside that, there are no extreme changes in the runoff
time series of the Mackenzie River. Because its RMS values of annual mean, sliding mean
of every 5 and 10 years decrease respectively. At last, to detect the stationarity in seasonal
performance, the monthly mean is estimated and compared with monthly runoffs in each year.
From the cyclostationarity, it reflects stable seasonal behaviors. In general, most of its runoff
reaches peak in June.
For the Ob River, even though there is a trend for annual mean runoff in statistics, it can be
neglected, compared to the whole runoff observations over 70 years. In fact, its annual mean
runoff has no distinct trend and it is a stationary process. From the distribution of runoff, it
shows a slight shift since 1991. That means, the runoff of the Ob River has a gradual increase
over these years. Its trend of annual maximum is also small and negligible. Regarding these
results it can be said, that the annual maximal runoff and its variance are stable. From the trend
of sliding mean, the Ob River has some extreme changes such as 1951-1960. As for the seasonal
stationarity, they show stable seasonal behaviors in most years.
Different from the Mackenzie and Ob River, the Yenisei River has a larger runoff every year,
even more than 100 mm/month. We can neglect the trend of annual mean runoff, because the
statistical trend is significantly small compared to the whole runoff over these years. In other
words, the annual runoff of this river is stable without noticeable trend. However, it shows
an obvious shift from 1931 to 2000 from the runoff distribution. Hence, the river runoff has
a significant trend, especially between 1960 and 1980. With stable maximal runoff and RMS,
there are no extreme changes for the Yenisei River. At last, it is also generally stationary in
seasonal behavior from the cyclostationarity, although some runoffs reach peaks in May.
Statistically, the trend of annual mean runoff of the Lena River is negligible even though there
is a tiny trend over these years. That is to say, the annual runoff of this river is generally stable
and has no noticeable trend. From the distribution, there is a slight shift in the last twenty
years. Therefore, the runoff of this river has a tendency to increase, but not as significant as the
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Yenisei river. Its annual maximal runoff and annual RMS are stable. After evaluation, there are
some extreme changes of this river between 1991 and 2000. From the view of seasonal stability,
it reflects quite a stable seasonal behaviors with high cyclostationarity. The river runoff reach
their peak in June every year.
After analysis of the runoff time series, it can be concluded that the river runoff of the four
rivers are generally stationary with annual cycle. Moreover, it is seasonal stationary, according
to obvious and stable seasonal behaviors in each year. However, there are still some unstable
changes and extreme events in some years. That might be related to climate change, for exam-
ple, ice melting and global warming, or human activities. Because of the limitation of the ob-
servations, the river runoff time series might not accurately reflect inter-annual and long-term
variation. Nevertheless, the stationarity analysis is still helpful for predicting the changes of
river runoff in the Arctic basins, and meaningful to investigate the influence of climate change
in Arctic region. Therefore, further research and analysis are necessary in the future on the
causes of unpredictable changes and the hydrological relationship among these river basins
around the Arctic ocean.
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